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Purpose: To validate a novel quantitative MRI method to measure osteophyte volume.
Methods: 90 subjects were selected from the Progression Cohort of the Osteoarthritis Initiative (OAI) at
baseline and 48 months, and analyzed using a semi-automated software tool. Marginal osteophyte
volume was calculated for four compartments of the central weight-bearing region of the tibiofemoral
joint. Standardized response mean (SRM) for change in volume was used to quantify responsiveness.
Concurrent validity was assessed via a comparison with MRI Osteoarthritis Knee Score (MOAKS) using
KruskaleWallis analysis and Spearman's correlation coefﬁcient. Intra- and inter-reader reliability was
assessed on a subset of 20 knees using intra-class correlation coefﬁcients (ICCs) and the root mean square
standard deviation (RMSSD).
Results: The average change in osteophyte volume (DV) was 196 mm3 (SD ¼ 272 mm3), and the baseline
to 48-month SRM was 0.72. An increase in osteophyte volume was observed for 84% (76/90) of the
subjects. KruskaleWallis analysis across the four MOAKS osteophyte categories was signiﬁcant for medial
and lateral compartments of both the tibia and femur (P < 0.001 for all). The intra-reader ICC was 0.98,
and RMSSD was 82 mm3, while inter-reader ICC was 0.97 and RMSSD was 91 mm3.
A statistically signiﬁcant positive correlation was observed between osteophyte volume and several
MOAKS cartilage and BML scores. The reader time was approximately 10 min per knee.
Conclusions: The method is responsive, efﬁcient, and precise, making it practical for use in large cohort
studies and observational research.
© 2015 Published by Elsevier Ltd on behalf of Osteoarthritis Research Society International.Introduction
Osteophytes are a hallmark of radiographic knee osteoarthritis
(OA) and a fundamental sign of disease incidence and progression1.
Their growth over time is one of several structural features used to
characterize OA status and progression2. Diagnosis of OA is typically
based on clinical data combined with radiographic markers3. Pre-
vious studies have estimated that about half of adults over 55 with
chronic joint symptoms will have radiographic evidence of OA4.
Population-based studies of individuals over 50 without radio-
graphic evidence of OA have shown that almost 90% have anJ. Duryea, Radiology Depart-
ical School, 75 Francis Street,
ea).
lf of Osteoarthritis Research Societabnormality detectable on MRI that is suggestive of OA5. These
ﬁndings include development of osteophytes, cartilage loss, and
bone marrow lesions (BML); the most common ﬁnding is the
development of osteophytes5. These data suggest that the popu-
lation burden of OA is much greater than estimated because of the
low sensitivity of radiographs, particularly in early disease6.
Because of its high sensitivity, ability to visualize soft tissue, and
lack of ionizing radiation, MRI has become a valuable tool in the
detection and follow-up of OA particularly in the research setting.
Scoring systems for knee OA have been developed for both radi-
ography and MRI, but are primarily semi-quantitative and provide
an ordinal output. Kellgren and Lawrence described a radiographic
scoring system that is largely dependent on the presence and size of
osteophytes, graded ordinally7. More recently the semi-
quantitative Osteoarthritis Research Society International (OARSI)
atlas criteria have been developed to improve upon radiographic
detection of OA8,9. MRI scoring systems for knee OA include they International.
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Boston Leeds Osteoarthritis Knee Score (BLOKS)11, and the more
recent and widely used MRI Osteoarthritis Knee Score (MOAKS)2
systems. The MOAKS grading system was developed as an evolu-
tionary step beyond previous scoring systems such as WORMS and
BLOKS2. The MOAKS grading system incorporates a number of
features of OA including: cartilage loss, BMLs, osteophytes, menisci,
ligaments, synovitis, effusion, and periarticular features2. Ordinal
scores are provided for a number of features classically associated
with OA including BMLs, cartilage loss, and osteophytes2. All of
these scales use ordinal scores to grade osteophytes, and to the best
of our knowledge there are no tools that measure osteophyte
volume.
While ordinal scoring of OA provides some sensitivity to change,
continuous variable grading systems may also allow for improved
reliability12. Semi-automated quantitative measures of OA can
potentially provide for improved responsiveness to change in lon-
gitudinal studies such as observational research and in disease
modifying therapies. In addition, software based semi-automated
tools can potentially be used by readers with less expertise than
required for conventional grading systems.
These advantages may therefore potentially provide improved
diagnostic capabilities for clinical work and increased responsive-
ness at decreased cost in large scale research studies. Quantitative
software methods for evaluation of cartilage loss13e17 and BML
volume18e21 have been described in the literature. The objective of
this study was to examine the reliability, responsiveness and con-
current validity of a quantitative method for volumetric analysis of
marginal osteophytes in subjects with established knee OA. A
secondary objective was to compare osteophyte volume to MOAKS
cartilage and BML scores to investigate possible correlations be-
tween these features.
Materials and methods
Study sample
The study was nested in the Osteoarthritis Initiative (OAI) a
prospective multi-center cohort study of knee OA. The OAI enrolled
4796 men and women aged 45e79 at the start of the study. A
progression subcohort includes 1390 individuals with symptomatic
knee OA, deﬁned as having both frequent knee symptoms and
radiographic evidence of OA. Study exclusion criteria included
rheumatoid or inﬂammatory arthritis, bilateral knee replacement
and inability to undergo MRI. A full description of study protocol,
design, data overview and the datasets are available for public ac-
cess at http://www.oai.ucsf.edu/.
For the current study, we selected knees from the 160 Pro-
gression Cohort subjects included in Data Set 0.1.1 and Image Re-
leases 0.B.1 and 1.B.113. We limited the sample to those individuals
who had completed MRI studies at both baseline and 48 months
with mild to moderate radiographic OA as deﬁned by Kell-
greneLawrence (KL) grade (KL 2 and KL 3) based on central image
assessments provided by the OAI. These criteria yielded a total of 90
(51 KL 2 and 39 KL 3) subjects to be included in our study.
MRI
MRI was acquired at four OAI clinical centers using dedicated
Siemens Trio 3 T scanners (Trio, Siemens, Erlangen, Germany).
Double echo steady state (DESS) sagittal 3D images were obtained
(0.365 mm  0.365 mm, 0.7 mm slice thickness, TR 16.5 ms, TE
4.7 ms) as per OAI imaging protocol22. For our image analysis the
series were reformatted in the coronal plane and adjacent slices
were binned in the new slice directions providing an effective slicespacing of 0.365mm 0.7 mm, 0.73mm. Binning by 2 voxels in the
new slice direction substantially increased the efﬁciency of the
method while preserving performance.
Image analysis
A senior radiology resident (MH) performed all software read-
ings after training on the use of the software and following a review
of sample cases with a senior attending musculoskeletal radiologist
and an expert in OA research with 15 years of experience in MRI
analysis of knee OA features (AG). The reader was blinded to subject
ID, MOAKS scores, and order of visit, but read the images while
viewing both the time points simultaneously. The focus was on the
central weight bearing region in order to target marginal
osteophytes.
The central weight bearing region was deﬁned as the approxi-
mately 2.5 cm region (17 images) that ends posteriorly at the
intercondylar line [Fig. 1(a)]. Previous studies have attempted to
deﬁne the anterior and posterior borders of the central weight
bearing region reliably onMRI23. On a random subset of 20 patients
we found that the posterior border was easily identiﬁed with high
inter-reader reliability, however, we were unable to demonstrate
the same degree of reproducibility for the anterior border. There-
fore we determined the average dimensions of the weight bearing
region based on this subset and found it to be approximately 2.5 cm.
Each of the medial and lateral tibial plateaus and femoral con-
dyles were segmented (outlined) individually in the speciﬁed re-
gion. The reader ﬁrst identiﬁed and marked the ﬁrst and last image
slice for the central weight bearing region as described above. An
edge detection algorithm then automatically demarcated the bone
edges in the region of interest and the reader “closed off” each
osteophyte (if present) by marking the expected normal bone
contour on each slice at the base of the osteophyte [Fig. 1(b)]. The
software then calculated the area of each osteophyte [Fig. 1(c)] on
each slice and generated osteophyte volume measurements for
each of the four compartments of the central tibiofemoral joint, as
well as aggregate volumes for each compartment, bone, and the
total knee.
The primary outcome was the change in osteophyte volume
(DV) from baseline to follow-up. Reliability was assessed on a
random sample of 20 subjects. For intra-reader reliability, readings
were separated in time by 12 weeks to avoid recall bias. Inter-
reader reliability was assessed using the same 20 cases read by a
musculoskeletal radiologist (MJ) with 3 years of experience in
semi-quantitative assessment in OA. This reader (MJ) also system-
atically evaluated osteophyte, cartilage, and BMLmorphology of the
central sub-regions of medial and lateral tibiofemoral compart-
ments using MOAKS system. Detailed scoring methods of the
MOAKS system were published previously2. MOAKS scoring was
limited to central femoral and tibial sub-regions to better match the
quantitative segmentation.
The OAI performed a secondMRI scan for a very small number of
subjects generally to address an image quality issue evident on the
ﬁrst acquisition. A random selection of 20 such scans (10 duplicate
pairs), whose image quality appeared not to be compromised sub-
stantially, were selected to evaluate repositioning reproducibility.
Statistical analysis
Responsiveness was examined using the average change in
osteophyte volume (DV) from baseline to 48 months, the standard
deviation of DV (SD), the standardized response mean (SRM,
deﬁned as DV/SD), and the percentage of subjects with net increase
in volume. Reliability was assessed using the intraclass correlation
coefﬁcient (ICC) and root mean square of the standard deviation
Fig. 1. a e Coronal MRI image demonstrating intercondylar line (arrow) used as reference point for segmentation. b e Coronal MRI image following osteophyte segmentation.
Arrows indicate osteophyte area for each bone region. c e Coronal MRI image following osteophyte segmentation. Osteophyte area indicated by white within each marked bone
region.
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the osteophyte component of the MOAKS grading system.
Descriptive data were summarized in tabular and graphical
form to show quantitative osteophyte volumes by each MOAKS
osteophyte category in the medial and lateral femur and tibia
compartments. MOAKS analysis was performed for the baseline
visit and consequently compared to the baseline readings after
unblinding. Two analyses were carried out to examine concurrent
validity of the quantitative measure against MOAKS: (1) a
nonparametric (Spearman's) correlation of MOAKS categories and
osteophyte volume, and (2) KruskaleWallis tests to compare me-
dian volumes across MOAKS categories. For the secondary objec-
tive, KruskaleWallis test P-values were used to compare median
volumes against MOAKS categories for full thickness defects,
cartilage surface area, and BMLs.Results
Baseline demographics
Ninety subjects were included in the analysis. The sample was
81% white and 51% male with an average age of 60.8 years ± 9.8
years. Baseline KL scores were 57% grade 2 and 43% grade 3.Quantitative data
Descriptive data for change in osteophyte volume and SRM by
KL grade and compartment are presented in Tables I and II
respectively.
The average 48-month change in osteophyte volume (DV) was
196 mm3 (SD ¼ 272 mm3), and the SRM was 0.72. A net increase in
osteophyte volume from baseline to 48 months was observed for
84% (76/90) of the subjects. The average complete reading timewas
slightly less than 10 min per knee.Concurrent validity
Statistically signiﬁcant (P < 0.001) positive correlations between
osteophyte volume and MOAKS osteophyte score were found for
each of the compartments (Table III and Fig. 2). KruskaleWallis
analysis across comparing median volume scores by MOAKS
osteophyte categories was signiﬁcant for all sub-regions (P < 0.001
for all). Spearman's correlation between osteophyte volume and
MOAKS osteophyte was 0.859 (medial-femur), 0.891 (lateral-fe-
mur), 0.527 (medial-tibia), and 0.865 (lateral-tibia). MOAKS reading
time for partial osteophyte grading (weight bearing femoral and
tibial osteophytes) was slightly greater than 10 min per knee. A
Table I
Responsiveness to change over 48 months, total knee
Baseline KL grade (n) Net increase Mean DV SD DV SRM
KL 2 þ KL 3 (90) 76 (84%) 196 mm3 272 mm3 0.72
KL 2 (51) 40 (78%) 155 mm3 233 mm3 0.67
KL 3 (39) 36 (92%) 250 mm3 309 mm3 0.81
Table II
Responsiveness to change by compartment
Mean DV SD DV SRM
Total medial compartment 53 mm3 88 mm3 0.60
Total lateral compartment 45 mm3 95 mm3 0.48
Medial femur 72 mm3 99 mm3 0.72
Lateral femur 60 mm3 115 mm3 0.52
Medial tibia 34 mm3 72 mm3 0.47
Lateral tibia 30 mm3 66 mm3 0.45
Table IIIb
Lateral femur osteophyte volume vs MOAKS score
MOAKS 0 1 2 3 P-value
n 5 26 35 24
Mean (mm3) 22 54 151 501
Std Dev (mm3) 12 26 68 226
Min (mm3) 11 21 39 86
Median (mm3) 17 49 133 449 <0.001
Max (mm3) 42 111 330 957
Spearman correlation r
0.891
95% CI
0.839e0.927
<0.001
Table IIIc
Medial tibia osteophyte volume vs MOAKS score
MOAKS 0 1 2 3 P-value
n 3 72 8 7
Mean (mm3) 30 56 135 254
Std Dev (mm3) 30 35 53 170
Min (mm3) 4 5 44 40
Median (mm3) 24 44 132 189 <0.001
Max (mm3) 62 161 231 488
Spearman correlation r
0.527
95% CI
0.36e0.661
<0.001
Table IIId
Lateral tibia osteophyte volume vs MOAKS score
MOAKS 0 1 2 3 P-value
N 16 46 16 12
Mean (mm3) 3 30 96 198
Std Dev (mm3) 6 20 46 91
Min (mm3) 0 0 24 63
Median (mm3) 0 26 76 198 <0.001
Max (mm3) 22 71 175 356
Spearman correlation r
0.865
95% CI
0.802e0.909
<0.001
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cartilage and BML scores, is summarized in Table IV. Statistically
signiﬁcant (P  0.05) positive correlations between osteophyte
volume and both MOAKS cartilage full thickness loss and cartilage
surface area loss scores were found for each of the compartments
except full thickness defects of the lateral tibia (P ¼ 0.08). Positive
correlation between osteophyte volume and MOAKS BML scores
were statistically signiﬁcant (P¼ 0.01) only at the lateral femur and
lateral tibia.
Reliability
The intra-reader ICC was 0.98, and the RMSSD was 82 mm3,
while inter-reader ICC was 0.97 and the RMSSD was 91 mm3. For
the repositioning reproducibility, the ICC was 0.99 and the RMSSD
was 145 mm3.
Discussion
We provide evidence that a new semi-automated software
method to quantify knee osteophyte volume in OA patients is
responsive, valid, and reproducible. As expected, there was a larger
volume increase in KL3 vs KL2 patients, with over 90% of KL3 pa-
tients showing a detectable increase in volume.
Analysis of the data by region showed higher overall volume
increase with less variability in the femur vs the tibia. Of note, the
medial femur and tibia showed increased osteophyte volume
compared to their lateral counterparts, consistent with the
increased medial compartment loads commonly observed as dis-
ease progresses24.
There was good agreement between osteophyte volumes with
MOAKS osteophyte grades (Table III and Fig. 2). A number of
probable causes may account for the small differences between the
two systems. Our method provides continuous data as opposed toTable IIIa
Medial femur osteophyte volume vs MOAKS score
MOAKS 0 1 2 3 P-value
n 1 48 25 16
Mean (mm3) 36 63 196 417
Std Dev (mm3) N/A 34 65 204
Min (mm3) 36 4 81 122
Median (mm3) 36 65 192 356 <0.001
Max (mm3) 36 145 354 837
Spearman correlation r
0.859
95% CI
0.793e0.905
<0.001the ordinal score of MOAKS, which has only four grades. MOAKS
osteophyte grading requires some subjective decision-making,
particularly at the boundaries of the predeﬁned categories.
Software to MOAKS osteophyte correlation was weakest at the
medial tibia, and upon further analysis, it is noted that 80% (72/90)
of the knees were graded as MOAKS 1 (“small”) at the medial tibia.
This is in contrast to the other compartments where grade 1 was
assigned less than 53% of the time (medial femur 53%, lateral femur
29%, and lateral tibia 51%). A reason for this ﬁnding may be the
poorer inherent visualization of osteophytes at the medial tibia;
however, our volumetric data suggest this region should be no
worse than the lateral tibia. Semi-quantitative scoring did
demonstrate somewhat low inter-rater agreement at the tibia in a
prior study2 suggesting that this may be a difﬁcult region to assess.
There was good correlation between osteophyte volume and
both MOAKS cartilage full thickness loss and surface area loss
scores. This correlation suggests an association of osteophyte vol-
ume with cartilage loss, which is a surrogate for joint space nar-
rowing and thus OA25. Therewas statistically signiﬁcant correlation
between osteophyte volume and MOAKS BML scores only in the
lateral compartment. These ﬁndings merit further investigation.
Our technique is efﬁcient, requiring an average reader time of
less than 10 min per knee. The reader in this case was a Radiology
trainee, however, no special education or skills were required
beyond identifying certain bony landmarks on MRI. Training of the
second reader required only discussion of the landmarks and in-
struction on usage of the software tool. Semi-quantitative methods
for osteophyte evaluation, on the other hand, are generally more
Fig. 2. a eMedial femur osteophyte volume vs MOAKS score. b e Lateral femur osteophyte volume vs MOAKS score. c eMedial tibia osteophyte volume vs MOAKS score. d e Lateral
tibia osteophyte volume vs MOAKS score.
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readers with substantial experience in evaluating OA. By reducing
reader time, evenmarginally, our technique could potentially allow
for increases in powering large trials and longitudinal cohort
studies of OA, while decreasing costs.
Our technique does require some user input in order to identify
presence or absence of osteophytes on a given image slice which is
less automated than using an atlas based segmentation method.
However, given the variability in imaging appearance of osteo-
phytes in shape, size, and position as well as variability in knee
positioning, size, and proximity of adjacent structures we felt that
an atlas based technique would be less accurate. In addition, atlas
based segmentation techniques can require long computation time.Table IV
Osteophyte volume vs MOAKS cartilage and BML score P-values
Measure Medial femur Lat
Cartilage surface area 0.02 <0
Cartilage full thickness 0.03 0
BML 0.18 0For example a multi-atlas based technique, designed to address
knee variability and inhomogeneity, required hours to complete
segmentation even after an extended initial registration period26.
The method had good reliability as indicated by the ICC values
for both a single reader at two time points and two independent
readers. Measurement error (estimated by RMSSD) over 48 months
is similar in magnitude to the 48 month change in osteophyte
volume, suggesting that the strength of this measure is in evalua-
tion of the knee in longitudinal studies involving many subjects.
There was no substantial difference between the inter- and intra-
reader reproducibility, suggesting that the measurement is inde-
pendent of the reader and that studies could use multiple readers.
Scan-rescan data showed a slightly higher RMSSD than the primaryeral femur Medial tibia Lateral tibia
.001 0.01 0.05
.01 0.007 0.08
.02 0.18 0.01
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well as one of each group representing a technically poorer quality
examination, which had triggered a rescan.
There were several limitations of this study. Segmentation was
performed on DESS sequence MRI images. While this sequence
does delineate bone interface from soft tissue, it does not effectively
show boneebone interfaces. Thus, the reader was required to
determine where to draw the base of the osteophyte at the ex-
pected normal bone contour. The single MRI sequence also limited
the ability to accurately identify and measure osteophytes with
larger cartilaginous components as well as osteophytes in close
proximity to the normal cartilage interface and adjacent ligamen-
tous structures. The software tool itself was programmatically
deﬁned to measure the volume of well-deﬁned bony osteophytes
and therefore likely underestimated osteophyte burden in those
patients with large cartilaginous components or those irregular
osteophytic projections (such as ﬁngerlike projections both in and
out of plane). Our reliability data did, however, demonstrate that
this measurement was highly reproducible in spite of these
limitations.
To our knowledge, there are no fully quantitative tools for
measuring osteophyte volume onMRI scans. One other quantitative
measurement tool exists for knee osteophytes measured on ra-
diographs27, and has been validated and used in OA trials to detect
OA and to monitor progression over time28,29. However; it is
dependent on knee radiographs takenwith a speciﬁc protocol27. On
the other hand, the technique presented here, can be applied to
standard knee MRI protocols such as those commonly utilized in
clinical practice, without need for additional acquisition time or
technologist training. Prior studies have shown MRI to detect
osteophytes in 74% of healthy adults with no radiographic evidence
of OA5. This has important implications in both observational
research and in clinical practice, where early detection of OA may
allow for intervention prior to progression.
Quantitative measure of OA should theoretically give a more
sensitive and granular measure of disease progression compared to
semi-quantitative and qualitative techniques. A few early stage
clinical studies have been performed using quantitative measure of
cartilage in knee OA30e32. One study demonstrated better stratiﬁ-
cation of patients into rapid vs slow progression of disease30. A
follow up study by the same group demonstrated a correlation
between cartilage volume loss and joint space narrowing as well as
with pain scores31. Quantitative techniques for cartilage measure-
ment are now being tested for evaluation of disease-modifying
agents32. As we apply our method to preclinical and clinical
studies, we predict that similar utility will be seenwith quantitative
measure of osteophyte volume.
Further research with this method will investigate its utility in
large scale studies such as the OAI. In addition, we are investigating
combining this method with additional software-based quantita-
tive techniques for BML volume18 cartilage loss13,14, effusion, sy-
novitis, and meniscal damage. This effort may lead to the
development of an efﬁcient quantitative MRI based OA scoring
system that serves as a software equivalent to WORMS, BLOKS, or
MOAKS.
In conclusion, we have demonstrated the responsiveness and
validity of a novel efﬁcient quantitative software method for
volumetric analysis of knee osteophytes. This technique can pro-
vide rapid measure of knee osteophyte burden, making it practical
for use in large cohort studies and observational research.
Author contributions
Study conception and design: Hakky, Jarraya, Ratzlaff, Guermazi,
Duryea.Acquisition of data: Hakky, Jarraya, Duryea.
Analysis and interpretation of data: Hakky, Ratzlaff, Duryea.
Drafting the article or revising it critically for important intel-
lectual content: Hakky, Jarraya, Ratzlaff, Guermazi, Duryea.
Final approval of the version of the article to be published:
Hakky, Jarraya, Ratzlaff, Guermazi, Duryea.
J Duryea (jduryea@bwh.harvard.edu) takes responsibility for the
integrity of the work as a whole.
Conﬂict of interest statement
Ali Guermazi is President of BICL, and Consultant to MerckSerono,
Genzyme, TissueGene and OrthoTrophix.
Acknowledgements
This study was supported by NIH/NIAMS (R01AR056664). The
OAI is a public-private partnership comprised of ﬁve contracts
(N01-AR-2-2258; N01-AR-2-2259; N01-AR-2-2260; N01-AR-2-
2261; N01-AR-2-2262) funded by the National Institutes of Health,
a branch of the Department of Health and Human Services, and
conducted by the OAI Study Investigators. Private funding partners
include Merck Research Laboratories; Novartis Pharmaceuticals
Corporation, GlaxoSmithKline; and Pﬁzer, Inc. Private sector fund-
ing for the OAI is managed by the Foundation for the National In-
stitutes of Health.
References
1. Felson DT, McAlindon TE, Anderson JJ, Naimark A,
Weissman BW, Aliabadi P, et al. Deﬁning radiographic osteo-
arthritis for the whole knee. Osteoarthritis Cartilage
1997;5(4):241e50.
2. Hunter DJ, Guermazi A, Lo GH, Grainger AJ, Conaghan PG,
Boudreau RM, et al. Evolution of semi-quantitative whole joint
assessment of knee OA: MOAKS (MRI Osteoarthritis Knee
Score). Osteoarthritis Cartilage 2011;19(8):990e1002.
3. Peat G, Thomas E, Duncan R, Wood L, Hay E, Croft P. Clinical
classiﬁcation criteria for knee osteoarthritis: performance in
the general population and primary care. Ann Rheum Dis
2006;65(10):1363e7.
4. Felson DT. Clinical practice. Osteoarthritis of the knee. N Engl J
Med 2006;354(8):841e8.
5. Guermazi A, Niu J, Hayashi D, Roemer FW, Englund M, Neogi T,
et al. Prevalence of abnormalities in knees detected by MRI in
adults without knee osteoarthritis: population based obser-
vational study (Framingham Osteoarthritis Study). BMJ
2012;345:e5339.
6. Kumm J, Tamm A, Lintrop M. The prevalence and progression
of radiographic knee osteoarthritis over 6 years in a popula-
tion-based cohort of middle-aged subjects. Rheumatol Int
2012;32(11):3545e50.
7. Kellgren JH, Lawrence JS. Radiological assessment of osteo-
arthrosis. Ann Rheum Dis 1957;16(4):494e502.
8. Altman RD, Gold GE. Atlas of individual radiographic features
in osteoarthritis, revised. Osteoarthritis Cartilage
2007;15(Suppl A):A1eA56.
9. Culvenor AG, Engen CN, Oiestad BE, Engebretsen L,
Risberg MA. Deﬁning the presence of radiographic knee oste-
oarthritis: a comparison between the Kellgren and Lawrence
system and OARSI atlas criteria. Knee Surg Sports Traumatol
Arthrosc 2014 Jul 31 (online): 22.
10. Peterfy CG, Guermazi A, Zaim S, Tirman PF, Miaux Y, White D,
et al. Whole-Organ Magnetic Resonance Imaging Score
(WORMS) of the knee in osteoarthritis. Osteoarthritis Cartilage
2004;12(3):177e90.
M. Hakky et al. / Osteoarthritis and Cartilage 23 (2015) 2199e2205 220511. Felson DT, Lynch J, Guermazi A, Roemer FW, Niu J,
McAlindon T, et al. Comparison of BLOKS and WORMS scoring
systems part II. Longitudinal assessment of knee MRIs for
osteoarthritis and suggested approach based on their perfor-
mance: data from the Osteoarthritis Initiative. Osteoarthritis
Cartilage 2010;18(11):1402e7.
12. Hunter DJ, Zhang W, Conaghan PG, Hirko K, Menashe L,
Reichmann WM, et al. Responsiveness and reliability of MRI in
knee osteoarthritis: a meta-analysis of published evidence.
Osteoarthritis Cartilage 2011;19(5):589e605.
13. Duryea J, Iranpour-Boroujeni T, Collins JE, Vanwynngaarden C,
Guermazi A, Katz JN, et al. Local-area cartilage segmentation
(LACS), a semi-automated novel method of measuring carti-
lage loss in knee osteoarthritis. Arthritis Care Res (Hoboken)
2014 Oct;66(10):1560e5.
14. Iranpour-Boroujeni T, Watanabe A, Bashtar R, Yoshioka H,
Duryea J. Quantiﬁcation of cartilage loss in local regions of
knee joints using semi-automated segmentation software:
analysis of longitudinal data from the Osteoarthritis Initiative
(OAI). Osteoarthritis Cartilage 2011;19(3):309e14.
15. Eckstein F, Charles HC, Buck RJ, Kraus VB, Remmers AE,
Hudelmaier M, et al. Accuracy and precision of quantitative
assessment of cartilage morphology by magnetic resonance
imaging at 3.0T. Arthritis Rheum 2005;52(10):3132e6.
16. Folkesson J, Dam E, Olsen OF, Pettersen P, Christiansen C.
Automatic segmentation of the articular cartilage in knee MRI
using a hierarchical multi-class classiﬁcation scheme. Med
Image Comput Comput Assist Interv 2005;8(Pt 1):327e34.
17. Wirth W, Hellio Le Graverand MP, Wyman BT, Maschek S,
Hudelmaier M, Hitzl W, et al. Regional analysis of femorotibial
cartilage loss in a subsample from the Osteoarthritis Initiative
progression subcohort. Osteoarthritis Cartilage 2009;17(3):
291e7.
18. Ratzlaff C, Guermazi A, Collins J, Katz JN, Losina E,
Vanwyngaarden C, et al. A rapid, novel method of volumetric
assessment of MRI-detected subchondral bone marrow lesions
in knee osteoarthritis. Osteoarthritis Cartilage 2013;21(6):
806e14.
19. Driban JB, Lo GH, Lee JY, Ward RJ, Miller E, Pang J, et al.
Quantitative bone marrow lesion size in osteoarthritic knees
correlates with cartilage damage and predicts longitudinal
cartilage loss. BMC Musculoskelet Disord 2011;12:217.
20. Mayerhoefer ME, Breitenseher MJ, Kramer J, Aigner N,
Norden C, Hofmann S. STIR vs. T1-weighted fat-suppressed
gadolinium-enhanced MRI of bone marrow edema of the
knee: computer-assisted quantitative comparison and inﬂu-
ence of injected contrast media volume and acquisition pa-
rameters. J Magn Reson Imaging 2005;22(6):788e93.
21. Roemer FW, Khrad H, Hayashi D, Jara H, Ozonoff A, Fotinos-
Hoyer AK, et al. Volumetric and semiquantitative assessment
of MRI-detected subchondral bone marrow lesions in knee
osteoarthritis: a comparison of contrast-enhanced and non-
enhanced imaging. Osteoarthritis Cartilage 2010;18(8):
1062e6.22. Peterfy CG, Schneider E, Nevitt M. The osteoarthritis initiative:
report on the design rationale for the magnetic resonance
imaging protocol for the knee. Osteoarthritis Cartilage
2008;16(12):1433e41.
23. Glaser C, Burgkart R, Kutschera A, Englmeier KH, Reiser M,
Eckstein F. Femoro-tibial cartilage metrics from coronal MR
image data: technique, test-retest reproducibility, and ﬁndings
in osteoarthritis. Magn Reson Med 2003;50(6):1229e36.
24. Hunter DJ, Niu J, Felson DT, Harvey WF, Gross KD, McCree P,
et al. Knee alignment does not predict incident osteoarthritis:
the Framingham osteoarthritis study. Arthritis Rheum
2007;56(4):1212e8.
25. Pelletier JP, Cooper C, Peterfy C, Reginster JY, Brandi ML,
Bruyere O, et al. What is the predictive value of MRI for the
occurrence of knee replacement surgery in knee osteoar-
thritis? Ann Rheum Dis 2013;72(10):1594e604.
26. Shan L, Zach C, Charles C, Niethammer M. Automatic atlas-
based three-label cartilage segmentation from MR knee im-
ages. Med Image Anal 2014;18(7):1233e46.
27. Marijnissen AC, Vincken KL, Vos PA, Saris DB, Viergever MA,
Bijlsma JW, et al. Knee Images Digital Analysis (KIDA): a novel
method to quantify individual radiographic features of knee
osteoarthritis in detail. Osteoarthritis Cartilage 2008;16(2):
234e43.
28. Kinds MB, Marijnissen AC, Bijlsma JW, Boers M, Lafeber FP,
Welsing PM. Quantitative radiographic features of early knee
osteoarthritis: development over 5 years and relationship with
symptoms in the CHECK cohort. J Rheumatol 2013;40(1):
58e65.
29. Kinds MB, Marijnissen AC, Vincken KL, Viergever MA, Dros-
saers-Bakker KW, Bijlsma JW, et al. Evaluation of separate
quantitative radiographic features adds to the prediction of
incident radiographic osteoarthritis in individuals with recent
onset of knee pain: 5-year follow-up in the CHECK cohort.
Osteoarthritis Cartilage 2012;20(6):548e56.
30. Raynauld JP, Martel-Pelletier J, Berthiaume MJ, Beaudoin G,
Choquette D, Haraoui B, et al. Long term evaluation of disease
progression through the quantitative magnetic resonance
imaging of symptomatic knee osteoarthritis patients: corre-
lation with clinical symptoms and radiographic changes.
Arthritis Res Ther 2006;8(1):R21.
31. Pelletier JP, Raynauld JP, Berthiaume MJ, Abram F,
Choquette D, Haraoui B, et al. Risk factors associated with the
loss of cartilage volume on weight-bearing areas in knee
osteoarthritis patients assessed by quantitative magnetic
resonance imaging: a longitudinal study. Arthritis Res Ther
2007;9(4):R74.
32. Pelletier JP, Roubille C, Raynauld JP, Abram F, Dorais M,
Delorme P, et al. Disease-modifying effect of strontium rane-
late in a subset of patients from the Phase III knee osteoar-
thritis study SEKOIA using quantitative MRI: reduction in bone
marrow lesions protects against cartilage loss. Ann Rheum Dis
2015;74(2):422e9.
